Abstract-In order to achieve the highest possible efficiencies, multi-junction solar cells (MJSC) have to have optimally selected parameters. As very complex devices, it is a demanding task finding the optimal set of parameters. One of possible ways to overcome these difficulties is to use genetic algorithm. In the presented model, number of optimizing parameters is 5M +1 for series constrained M -junctions MJSC. Diffusion dark current, radiative and Auger recombinations are accounted together with AST M G173−03 Global tilted solar spectra and k·p absorption. Efficiencies achieved in case of M = 4 are 50.8% and 55.2% when all losses are taken into account and with only radiative recombination, respectively.
I. INTRODUCTION
Solar cells are devices with potential to become the main energy source in future. The main drawback at the moment is in fact that single-junction solar cells (1JSC) cannot exceed the Shockley-Queisser limit [1] of around 30% in efficiency. Therefore, we need to overcome that limit. Multi-junction solar cells (MJSC) have proven they can increase the efficiency of solar energy conversion [2] . Since solar irradiation consists of photons with broad energy spectrum, while semiconductors optimally absorb very narrow part of the same spectrum. Following the goal to achieve high conversion efficiency, we have to fabricate the device using many different semiconductors. They should have different energy gaps specially chosen to match the Sun's radiation spectrum. Unfortunately, this concept still lacks the detail understanding of major factors influencing the efficiency of such devices, with majority of models based on detailed-balance or thermodynamics [3] - [5] .
One of routes to overcome the poor spectral matching by single 1JSC (one energy gap E g ) devices is to introduce subcells with different E g . The device consisting of several subdevices, i.e. layers of semiconducting material, each of which with different Eg, are called MJSC. Such concept reduces the high energy photons from being absorbed in a subcell with low energy gap and prevents thermal losses. Increasing the number of subcells to the extreme, when the Sun spectrum is divided so that each subcell is illuminated almost with monochromatic light, allows extreme efficiencies [6] , which proves that dividing the spectrum leads to higher efficiencies. By dividing the spectrum between several different subcells their current will be reduced, which has an additional, and very significant, benefit of reduction of I 2 R series resistance loss. Voltages across different subcells add, hence the current reduction does not reduce the overall power produced by the device. Contrary, the power increases due to losses decrease. When fabricating a photovoltaic device, the researcher has to know which material to choose, how thick the regions should be and what is the impurity concentration. Optimal selection of these parameters leads to the highest possible values of solar cell efficiencies. To find the optimal combination of these device parameters, drift-diffusion model is used, with all material parameters (effective masses, conduction and valence band densities of states) calculated form energy gap based on k·p theory. This way we have formed generic material parameter set, which together with detailed model of radiative and nonradiative recombinations (specifically radiative recombination, diffusion dark current and Auger recombination) provide reliable basis for the description of the underlying material parameters of MJSCs. In our analysis we have optimized the pn junctions of an MJSC only. We assume the sufficiently good antireflective coating with negligible reflection and zero-loss tunnel junctions. Internal luminescence [7] is not taken into account at this stage of the model development. For the most efficient operation, we need to find the optimal combination of current and voltage (i.e. optimal load) so the device would operate in optimal conditions and produce the highest possible output power. Since voltage can be calculated from the diode equation if we know the current, it is computationally the least expensive to optimize current as well.
In order to find the optimal efficiency in such multidimensional phase space, the global optimization was conducted using the genetic algorithm. Parameters, which were optimized, are thicknesses, impurity concentrations, energy gaps and optimal current under current matching condition. The optimization was conducted in three different scenario. First, the radiative recombination only taken into account. Next, the radiative recombination and diffusion dark current. And finally, the Auger recombination together with the other two losses. MJSCs were optimized as series constrained, which means optimal currents of subcells in MJSC are equal. All predictions were carried out with AST M G173 − 03 Global tilted solar spectra while the absorption coefficient of the individual subcells was calculated from multi-band k·p Hamiltonian. The results show the influence of each type of losses on the overall efficiency and the model predicts the efficiency of 55.2% in the case 4-junction MJSC in the radiative limit. This efficiency drops to 50.8% when the nonradiative losses are taken into account.
II. THEORETICAL MODEL
In the most general form, electron-hole pair generation in the m th subcell can be written as:
where R(λ) is the reflection coefficient on surface of MJSC, R k (λ) reflection between two upper subcells, α k (λ) absorption of preceding subcells and α m (λ) absorption of m th subcell. However, if the m th subcell is not thick enough, not all the photons are going to be absorbed and some of the higher energy photons will pass to the m + 1 st subcell. Next, the second subcell absorbs photons with energies which are higher than its band gap and lower than upper cell's E g , and properly attenuated for the thickness of preceding regions in the MJSC stack. Absorptions are calculated using the parallel kppw code [8] . General expression for the current generated in m th subcell is:
In the depletion approximation each pn junction consists of three regions: quasi-neutral p region, depletion region and quasi-neutral n region. Currents in each of those regions have to be obtained separately, based on Eq. 2. Therefore, shortcircuit current in the m th subcell is:
where J p electron minority current in quasi-neutral p region, J dr electron and hole majority current in depletion region and J n hole minority current in quasi-neutral n region. Losses taken into account are diffusion dark current J 0,D , radiative recombination J 0,R and Auger recombination J 0,A . Now, all losses in the m th subcell can be accounted as:
while the optimal voltage in the m th region can be expressed from diode equation as:
Under the current matching condition, the current in each region is the same, i.e. J
(1)
giving the expression for the optimal voltage as a sum of optimal voltages in individual subcells in MJSC:
Subcells in a MJSC can be treated as different devices series connected, so they have different open-circuit voltages V oc and short-circuit currents J sc . Since they are seriesconstrained, they will have the same optimal current J opt while optimal voltages V opt will remain different. The optimal output power is then P opt = V opt J opt .
A. Calculating basic material parameters from k · p theory
In III-V semiconductors all basic material parameters like, effective masses, effective density of states and intrinsic carrier concentrations, can be scaled to the energy gap of material. These relations can be derived from the k · p theory. The expressions for the electron effective mass is:
where m 0 is the free electron mass, E g the energy gap ∆ the spin-orbit splitting and P is the optical dipole matrix element between conduction and valence band states in Γ point. In the nearly free electron gas model its magnitude is approximated with P ≈ (2π/a 0 ), where a 0 is the lattice constant of the III-V material. Across the family of III-V materials, 2P
2 /m 0 is surprisingly constant, [9] and good approximation is to choose its value in the range between 21-26 eV. Next, the expressions for the light hole m * lh , heavy hole m * hh and spinorbit interaction m * so effective masses are:
Further, effective density of states in conduction N c and valence N v band are given as:
where m *
. The intrinsic carrier concentration n i is then:
978-1-5386-8529-7/18/$31.00 ©2018 IEEE In III-V semiconductors the relation between the refractive index,n, and the energy gap, E g , can be approximated as [12] :n = KE C g (13) where K = 3.3668 and C = −0.32234. Those constants are obtained from the regression fitting method used on the large set of experimental data on refractive index of semiconducting and oxide materials, and it is valid in the region E g ∈ [0.1 − 8.5] eV [12] . The relative permeability is then taken as ε r = n 2 .
B. Optimization using genetic algorithm
Optimization of MJSC is being done through optimization of its parameters in order to achieve the highest possible efficiency of the MJSC, which is the target function. Due to complexity of MJSCs, large number of optimizing parameters creates huge parameter space. Such parameter space is uneven and contains a vast number of local minima and maxima. It makes it difficult for the most of search methods to locate the global maximum. Therefore, genetic algorithm PIKAIA [13] was chosen for this task.
Parameters which are being optimized using genetic algorithm (GA) are optimal current density J opt , widths of emitter w p and base w n in a SC, emitter N a and base N d doping and material energy gap E g . In case of a series constrained MJSC the number of optimizing parameters is 5M + 2, where M is number of subcells in the MJSC. The goal of the algorithm is to maximize the provided function in the n−dimensional space, where n is the number of optimizing parameters.
GAs consist of operators: selection, crossingover and mutation. Selection operator chooses individuals for reproduction (crossingover and mutation) based on their fitness, i.e. MJSC efficiency. Before taking part in reproduction, individuals have to be encoded. Each parameter is being converted into a binary string, gene, and a set of encoded parameters is chromosome. Number of bits parameters are being encoded with can vary. In our case it is 5. One of the selection implementations is roulette wheel, where each member of the population has a roulette wheel slot with a size proportional to its fitness. This way chromosomes which provide better fitness will take part in reproduction more often and, therefore, have more offsprings.
Crossingover provides for two parent individuals which are being combined by exchanging parts of their chromosomes and two new offsprings are being created. This way the new offspring can have better fitness than its parents. Since being the main search driver in the GAs, its probability is larger than 0.5. In our case its 0.85 whereas one-point and twopoint crossingover have equal probabilities. Mutation changes chromosomes randomly and, thus, helps avoiding GA being trapped in the local maxima before reaching the global one. Its main purpose is to maintain a certain level of genetic diversity in the population to prevent premature convergence. Since crossingover combines already existing chromosomes, it could converge to a local maximum. Therefore, mutation operator is essential in search for global maximum. In our case mutation probability is set to 0.005, although it can be set variable mutation rate between 0.0005 and 0.25.
After each new generation is created, the process of evaluation can start again, until a one of stopping criterion are met. It can be defined fitness, low diversity of individuals or, simply, the number of generations.
III. RESULTS AND DISCUSSIONS
Efficiency maximization in the MJSC is achieved through short-circuit current maximization and the SC's losses minimization. Expressions that correctly describe these requirements are very complex and it is very difficult to identify how device parameters are correlated. For example, in order to have higher open circuit voltages in solar cells, higher doping is required, which at the same time can elevates losses, i.e. Auger recombination. On the other hand to suppress losses due to the diffusion dark current we need to maximize the impurity concentrations. Materials with higher energy gaps allow higher open circuit voltages and lower losses, whereas, at the same time, reduce short circuit currents. Moreover, in 2JSC there are 11 material parameters, while for example in the case of 4JSC the number of parameters for optimization quickly increases to 21. Therefore, heuristic optimization is crucial for solving problems as complex as this one.
Optimization [14] was carried out with different combinations of losses, i.e. in different regimes: (1) only radiative recombination, (2) radiative recombination and diffusion dark current, and (3) radiative recombination, diffusion dark current and Auger recombination. For each of these regimes and for each number of junctions, we plot in the same graph the optimal arrangements of E g 's (symbols) for each subcell in the MJSCs. It is evident that the influence of the Auger recombination affects the overall efficiency significantly. Such a large reduction in the efficiency shouldn't be neglected in the design of the MJSCs, and it can only be more pronounced at Fig. 2 . Maximum efficiency of MJSC as a function of number of subcells (left axes) and the optimal arrangement of the Eg (right axes): (i) for radiative limit, (ii) for diffusion dark and radiative losses, and (iii) for the radiative, diffusion dark and Auger losses [14] .
the elevated temperatures (e.g. T > 300 K), often encountered in real operating conditions. Moreover, it is important to note that when the Auger recombination is taken into account, optimal energy gaps for each subcell are slightly higher, and different from those predicted in the radiative limit. This is the consequence of J
g /kBT , i.e., the large E g tends to reduce the contribution of the Auger losses to the overall losses in the device, hence maximizing the efficiency. The model presented can predict exactly the optimal energy gaps and also the optimal thickness of each subcell in order to achieve almost identical short circuit currents through the device, Fig. 3 .
In Table I predictions of the maximal efficiency for 2JSC, 3JSC and 4JSCs are summarized, when different loss mechanisms are taken into account during the optimization [14] , as well as available experimental data [15] In order to asses the validity of our method, we performed the optimization procedures with parameters of the record setting devices [16] , [17] . Taking the value of energy gaps as the only data available, we have fixed them in our model and we let the rest of MJSC's parameters to be optimized. The predicted efficiencies were 32.34% and 38.1%, for 2JSC and 3JSC, respectively, which coincide with the measured efficiencies (Table I) . JV characteristics are presented in Fig. 4. Comparing Figures 3 and 4 the advantage of heuristic modeling is obvious. In series constrained MJSCs the lowest subcell's current defines the output current of the device. If Fig. 3 . Predicted JV curve for 3JSC device in case when all device parameters were optimized [14] . other short-circuit currents are significantly different, it means a vast number of carriers will not be extracted from the device as usefull current. It means lower device efficiency. Even worse, unextracted carriers recombine and lower the voltage in the device, which reduces the efficiency even more. Therefore, fabricating the device where each subcell creates equal current is crucial for achieving high efficiencies. That is the only way photovoltaics can become competitive on the market.
From Figures 3 and 4 it can be seen that non-optimal device absorbs significantly more photons than the optimal one. At the same time, its predicted efficiency is around ≈38%, whereas the optimal one's efficiency is ≈48%. Another huge conclusion is that more absorbed photons does not necessarily lead to higher efficiency. The subcell which absorbs the smallest portion of the solar spectra (2nd in Figs. 4 and 5(b)) will limit the overall current. If another subcell absorbs unnecessarily more photons, the excess number of photons (3rd in Figs. 4 and 5(b)) will only contribute to losses. To correct this, our model reveals that this subcell should be made of material with larger energy gap which will prevent unnecessary absorption in one of the subcells and keep generated currents approximately equal. This will lead to lower J sc in the observed subcell and, in turn, will lower losses and increase voltage, i.e. efficiency (3rd in Figs. 3 and 5(a)). Another important aspect is keeping voltages across each subcell high. It can be done through losses minimization. In order to do so, a detailed analysis is necessary on how they behave under different circumstances. Three different types of losses were observed. The most dominant in solar cells based on III-V semiconductors are radiative recombination, diffusion dark current and Auger recombination 4.
Radiative recombination depends mainly on the energy gap. It is one of the most dominant types of losses in direct energy gap semiconductors and can be kept low with increasing the energy gap, as can be seen from Figures 6 -8 . The doping does not affect it as much as the energy gap. Next, the diffusion dark current depends on energy gap as well. Unlike the radiative recombination, its dependence on doping levels is significant. It has the highest influence on the efficiency in case of low impurity concentrations and low energy gaps. Either increase in energy gap or impurity levels reduces the influence of diffusion dark current.
Auger recombination depends on both energy gap and doping levels as well. Unlike the diffusion dark current, increase in impurity levels increases the Auger recombination.
For devices with low energy gaps and low impurity levels ( Fig. 6) , the diffusion dark current will be the most dominant type of losses, although only slightly higher than the radiative recombination. As the energy gap increases, they both decrease at the same rate. At the same time, Auger recombination can be neglected, especially in case when the energy gap is larger. At moderate impurity levels (Fig. 7) , the diffusion dark current is still very high, although not as dominant any more. Now, for lower energy gaps the most dominant is Auger recombination. As the energy gap is becoming higher, radiative recombination takes over, which happens around E g ≈ 1eV . At a structure like this, the diffusion dark current is always an order of magnitude lower than the overall loss.
If the doping is high, the value of Auger recombination is few orders of magnitude higher than the other two types of losses for lower energy gaps. If the energy gap reaches around E g ≈ 1.3eV , radiative recombinations becomes the most dominant. This time, the diffusion dark current is few orders of magnitude lower than the overall loss.
Taking into account previous analysis, the dominance of the Auger recombination on Fig. 2 . Auger recombination depends on energy gap more than other types of losses, hence it could be reduced with the higher energy gaps. This solution allows higher doping levels which keep diffusion dark current low. As already mentioned, this strategy is reducing the short circuit current as well, but this trade-off is necessary. In almost all subcells, when Auger recombination is taken into account the values of energy gaps are higher. Since the efficiency depends on high photon absorption, the middle ground is to keep the structure in such conditions where the Auger recombination will be the most dominant type of losses, while at the same time it allows absorption of enough photons to keep the current as high as possible.
Overall, the parameters of the MJSC device are so conflicting it takes heuristic modeling to find the optimal combination. This analysis can be a guide the future experiment and indicate how much more efficiency can be achieved from with MJSC, which materials to target and how to correctly the balance between various contradicting requirements imposed by our model for losses. The validity of the data is confirmed by supporting graphs and comparison with the real, fabricated, devices.
